demonstrated 5 GHz operation of a wire-bonded, transverse modulator built on an n+ substrate; in that structure, the parasitic capacitance of the device connection limited the modulation speed. In the present letter, we report the fabrication and high-frequency electrical and optical characterization of a transverse modulator on a semi-insulating substrate.
D surface-normal electrooptic modulators have been achieved in the last two years [1]- [4] . Reflectivity modulation of 50% is possible with drive voltages as low as 2 V. The low drive voltage of these modulators combines with their inherently low capacitance to make them ideal for high-frequency applications [5] , [6] . Boyd et al. [5] have demonstrated 5 GHz operation of a wire-bonded, transverse modulator built on an n+ substrate; in that structure, the parasitic capacitance of the device connection limited the modulation speed. In the present letter, we report the fabrication and high-frequency electrical and optical characterization of a transverse modulator on a semi-insulating substrate.
MODULATOR DESIGN AND FABRICATION
The modulator consists of a symmetric Fabry-Perot (FP) cavity with a multiple-quantum-well (MQW) active region [7] . A cross-sectional schematic and a top-view photograph of the structure are shown in Fig. 1 . The MQW (100-8, GaAs/100-A A1,~,Gao~,As) active region is three wavelengths thick, yielding a drive voltage of 8-10 V. A passive n-doped region, incorporated in the Fabry-Perot intracavity medium, forms the n-contact layer. through the p mirror and the i-active layer to expose the n-contact layers, 3) wet-chemical etching through the n layer and bottom mirror to isolate devices, 4) AuGe-Ni-Au ncontact deposition, 5) patterning of the polyimide dielectric layer to prevent junction shorting, and 6) deposition of final contact metal (Ti-Au) to form on wafer-bond pads compatible with microwave coplanar probes. The pads' width and separation are such that they form a transmission line with an intrinsic impedance of 50 Q [9] .
1041-1135/91/0600-0513$01,00 0 1991 IEEE Table I The modulators were characterized in the gigahertz frequency range using an HP 8510 network analyzer configured with 50-0 high-speed probes. As determined by measurements of shorted and open bond pads, the impedance of the on-wafer bond pads alone can be well modeled by a 30-pH series inductance and a 30-fF shunt capacitance. For a 50-0 transmission line of the same length as the bond pads, we calculate 30 pH and 12 f F [9] . We attribute the additional capacitance, -20 fF, to either the pad termination at the modulator or impedance variations at the probe/pad interface. The total parasitic capacitance is approximately 30 fF: 20 fF from the bond pads, and 10 fF from the final metal/buried n-layer overlap.
The impedance of the modulator alone was determined by subtracting the contribution of the on-wafer pads from the impedance of the modulator/pad combination. The behavior of the modulator's impedance as a function of frequency can be modeled well by a simple series R-C circuit. At a reverse bias of 10 V, the series resistance thus determined for the smallest device varied by f 16% about the value of 36 Q at 5 GHz as the frequency was swept from 0.5 to 12 GHz. Over the same bandwidth, the capacitance of 0.28 pF at 5
GHz varied by f 7 % . modulators; the data are corrected for the system response. The electrical power refers to the power produced by the current output from the high-speed detector in the spectrum analyzer. The dashed line represents the corresponding calculated response based on the gigahertz-frequency-determined model parameters. The data were taken at -900 nm, and the voltage bias voltage was -10 V.
same cabling, and the detector response was calibrated using a GaAs wavelength picosecond pulse train laser [ 101.
Small-signal measurements were made by superimposing an RF input of 4 dBm on a dc bias voltage of 10. The input light wavelength was tuned to optimize the optical modulation ( A -900 nm). The FP resonance wavelength for this device was further from the QW exciton absorption peak than intended, increasing the bias voltage requirement and accen-OPTICAL MEASUREMENTS A schematic of the measurement system is shown in Fig.  2 . A tunable Ti:sapphire laser is coupled to an optical microscope, making it possible to image the laser spot and the modulator together. The response of the source/spectrum analyzer and the cables was calibrated directly by connecting the output of the source to the spectrum analyzer using the tuating the index-modulation aspect for these devices. The dc reflectivity modulation at the measurement bias and wavelength was -5%/V. In Fig. 3 , we show a normalized frequency response plot for two different sizes of modulators. We also show the expected frequency response behavior calculated using the model parameters determined at high frequency. There is a small ripple in the measured data at 2 GHz, which we attribute to uncalibrated reflections at the transition between the coaxial cable and the coplanar waveguide in the high-speed probe. The measured frequency (meas. f,,,) and calculated frequency (calc. f3,,& for all three sizes of diodes are listed in Table I . These results are for an unterminated structure; by terminating the modulator with a 5 0 4 load, the effective 3-dB bandwidth for the smallest structure could be increased to greater than 10 GHz [ll] . The present device is operating at a wavelength 30-40 nm from the exciton absorption peak; thus, the index modulation is augmented, and there is little light absorption in the active region. As a result, we do expect the present modulators to be limited by the electron/hole escape times from the MQW region [ 121.
CONCLUSION
We have demonstrated gigahertz operation of a FabryPerot modulator. The parasitic capacitance of the device connection has been reduced to -30 fF by fabricating the device on a semi-insulating substrate. The present structure was not completely optimized; hence; only small-signal measurements were made. An optimized device with the same structure would yield a figure of merit F, as defined by 
